Abstract--The curved grid technique has been shown to improve the performance of large-area gas proportional scintillation counters (GPSC) without the need for complex, bulky focusing systems or large-area photomultiplier tubes (PMTs). The technique provides a simple method to compensate for the variation in solid angle viewed by the PMT as a function of the radial distance from the cylindrical axis of the detector. The two parallel grids used in conventional GPSCs are replaced by a curved grid and a planar grid to delimit the scintillation region. The shape of the curved grid is calculated to produce a radially increasing scintillation yield that compensates for the variation in the solid angle viewed by the photosensor. We applied this technique to a GPSC instrumented with a PMT having a 25-mm diameter photocathode. In contrast to previous studies, in this work we used a detector window with a larger diameter than that of the PMT, in order to access the full capability of the technique. The maximum value of the detector entrance window to photocathode diameter ratio thus far achieved is 1.
giving rise to a large number of VUV-photons, as a result of the atoms' de excitation processes, without undergoing charge avalanche amplification. The total number of VUV-photons is proportional to the number of primary electrons entering the scintillation region and, thus, to the energy of the incident xray, independent of where the x-ray interaction occurred.
In contrast to charge avalanche processes, the statistical fluctuations associated with the light amplification process are negligible compared to those associated with the formation of the primary electron cloud. Thus, the GPSC energy resolution approaches its intrinsic value, provided that the fluctuations associated with the photosensor are also kept low. Additionally, the achieved large scintillation gain, combined with a photosensor with suitable sensitivity (e.g. photomultipliers), allows to obtain detector pulses with large amplitudes, more than one order of magnitude larger than those obtained with proportional counters. The theory and operation of the GPSC are reviewed in a recent publication [1] .
As the GPSC sensitive area is increased, energy resolution deteriorates with the larger solid angle over which the scintillation light must be collected. Pulse amplitude will depend on the radial distance from the detector axis, r, where the electroluminescence takes place and, thus, on the x-ray interaction position, since the solid angle viewed by the photosensor, will also vary as function of r. This is the most limiting effect on the energy resolution for GPSCs with medium and large detection-areas compared to the area of the photosensor.
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Methods to minimize this effect were promptly developed [2] [3] [4] [5] . Focusing electrodes and/or spherical electric fields in the drift region have been used to drive the primary electrons to the region around the detector axis prior to entering the scintillation region. Additionally, in the spherical-field design, the scintillation-region-to-photosensor distance decreases radially, partially compensating for the decrease in solid angle with increasing radius. The spherical-field design allows the use of detection areas that are significantly larger than the photosensor area [3, 4] .
More recently, a simpler method, the curved-grid technique [6, 7] , was developed to compensate for the variation in solid angle viewed by the PMT, as function of the radial distance from the cylindrical axis of the detector. In large-area GPSCs, the curved-grid technique eliminates the need for complex and bulky focusing systems or for large PMTs. A curved grid and a planar grid are used to delimit the scintillation region, instead of the two parallel grids usually used in GPSCs. The shape of the curved grid is calculated to produce a radially increasing electric field in the scintillation region ( Fig. 1) , which results in a radial increase of the scintillation yield, since this yield depends on the electric field [1] . A correctly shaped curved grid will produce an increasing scintillation yield with increasing radius that compensates for the reduction in the solid angle viewed by the photosensor.
The technique was shown to successfully compensate solid angle effects for detector window diameters up to 80% of the photocathode diameter, in GPSCs instrumented with PMTs having 48-mm [8] and 33-mm [7] active diameters. The experimental results obtained in Ref. [7, 8] suggested that good solid angle compensation could be achieved for even larger radial distances.
In the present work, we apply the curved-grid technique to a GPSC instrumented with a PMT having a 25-mm active diameter photocathode. In contrast to the previous studies, in the present work we used a detector window with a larger diameter than that of the PMT in order to access the full capability of this technique. On the other hand, it was shown recently that large-area avalanche photodiodes (LAAPD) can substitute, with advantages, for PMTs in GPSCs [9, 10] , now that their present diameter can be as large as 25 mm [11, 12] .
II. DETECTOR
The method to calculate the approximate grid shape is presented in other publications [7, 13] .
The detector is depicted schematically in Fig.1 . We have chosen a distance of 13-mm at the detector axis, and a 10-mm radius spherical shape was found to be a reasonable approximation to the calculated shape. Thus, the depth of the scintillation region varies from 13 mm at the detector axis to 6 mm in the planar lateral region, and the grid curvature extends to radial distances of 9.5-mm. The drift region thickness varies from 30-mm at the detector axis, to 37-mm in the planar lateral region.
The detector body is a stainless-steel cylinder, while the bottom part is a Macor disc used to insulate grids G1 and G2 (the low-and high-voltage grids, respectively). The Macor is epoxied to the detector wall and to the PMT. The stainlesssteel support of G1 is fixed to the Macor with screws, one of which is used as a feedthrough for the G1-bias voltage. The upper and lower parts of the detector are sealed by compression of an indium gasket. The detector radiation window is a 50-µm Kapton film, aluminised on the inner surface, and epoxied to the detector body. The PMT (EMI 9125QB) has a diameter of 30 mm, an 11-dynode linearfocused structure and a 25-mm-diameter photocathode. The detector was filled with pure xenon at 1100 mbar, continuously purified by convection through non-evaporable getters at 150-200ºC.
The curved grid, G1, is a stainless-steel mesh with 80-µm diameter wire and 900-µm spacing. Its shape is obtained by compression in a mould. The planar grid, G2, was obtained by vacuum thermal-deposition of chromium on the PMT window, and consists of 100-µm wide lines at 1-mm spacing. A chromium film was also evaporated on the lateral surface of the PMT in order to obtain a homogeneous electric field in the scintillation region and to establish an electric connection between G2 and the PMT photocathode pin. In this way, there is no potential difference between the photocathode and the external surface of the PMT-window. Thus, the PMT is polarized at high-voltage, floating between G2 high-voltage and the anode high-voltage.
For the present work, 5.9-keV x-rays emitted by a 55 Fe radioactive source were used. The 6.4-keV Mn K β -line was filtered through a chromium film. The detector pulses were fed through a preamplifier and a linear amplifier to a 1024 multichannel analyser. To determine peak amplitude and energy resolution, pulse-height distributions were fitted to a Gaussian superimposed on a linear background, from which the centroid and the full-width-at-half-maximum were determined. Figure 2 depicts the relative pulse-height amplitude and energy resolution as functions of the G1-voltage, maintaining grid G2 at 5.0 kV. The best detector performance is achieved for G1 voltages around 250 V, corresponding to a reduced electric field of about 0.1 V cm -1 torr -1 , in the drift region. To evaluate the capability of this design to compensate for solid angle variations, we investigated the detector relative pulse-height amplitudes, Fig. 3, and energy resolution, Fig. 4 , as function of the detector window diameter, for G2-voltages of 5.0-and 5.3-kV, while maintaining G1 at 250 V. Lead collimators covering the detector radiation window determined the different radiation window diameters. The distance of the radioactive source to the detector window was increased with the window diameter, in order to maintain the count rates similar for all cases. As pointed out in Ref. [6] , the compensation condition is valid only for a certain voltage difference, V G2 -V G1 , given a certain geometry and gas pressure. Good compensation is achieved for G2-voltages around 5.3 kV, as evidenced by the independence of the pulse-height amplitude and energy resolution of the detector window diameter. At this voltage, the pulse amplitudes are independent of the detector window diameter, up to window-diameters of 25 mm, decreasing above this value. On the other hand, energy resolution increases slowly from 8.7 to 9.1% as the window diameter increases from 2-to 25-mm, degrading rapidly above this value. For G2-voltages above 5.3 kV, the detector performance degrades due to the onset of electric discharges.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The energy resolution represents a significant improvement over the GPSC described in Ref. [14] , which has parallel grids, only one focusing electrode, and a PMT with a 33-mm diameter photocathode. The energy resolution obtained was 8.3% for 5.9 keV, degrading to 8.6% and 9.2% for radiation window diameters of only 10-and 20-mm, respectively.
On the other hand, the results obtained for optimal G1 polarization and best energy resolution are similar to those achieved with the detector of Ref. [7] , which uses a 12-mm radius spherical grid and a PMT having a 33-mm diameter photocathode. For both detectors, the small radius of the curved grid results in an electric field with reduced intensity inside the curvature, in the region close to the grid. This effect may be responsible for the low voltage requirement of G1 as well as for the higher energy resolution achieved with this detector, compared to the values achieved with a 20-mm grid-curvature (e.g. 8.0% for 5.9-keV x-rays) [8] .
These effects could be due to loss of electron transmission through the curved grid, leading to loss of some primary electrons and, thus, to a degradation in the energy resolution. The use of elliptically shaped grids [15] that fit the calculated shape to a reasonable approximation can improve the performance of this technique, since the smaller grid curvature leads to more intense electric fields inside the curvature and to higher grid transmission.
In Fig. 5 we depict the pulse-height distributions obtained for 5.9-keV x-rays and for detector radiation window diameters of 2-and 25-mm, grey-and black-line, respectively. No degradation is apparent, either in energy resolution, background level, or electronic noise tail at the low-energy limit. For the latter case, the ratio of detector entrance windowto-photosensor-active-diameter is 1.
IV. CONCLUSIONS
We have demonstrated that the curved-grid technique compensates solid angle effects for detector radiation window diameters up to values similar to those of the photosensor active diameter. Above these values the compensation is no longer effective and the detector performance degrades rapidly. With this technique it is possible to produce simple, high-performance GPSCs with radiation window areas similar to those of the photosensor, without resorting to complex and bulky focusing systems. A new method to calculate the shape of the curved grid was presented.
A spherical curved grid with a 10-mm radius is suitable to compensate solid angle effects of 25-mm diameter photosensors. This could be important in applications where large-area avalanche photodiodes are considered to substitute for PMTs. Further improvements can be obtained using ellipsoidal shapes for the curved grid. 
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